Sun W‐L, Wang L, Luo J, Zhu H‐W, Cai Z‐W. Ambra1 modulates the sensitivity of breast cancer cells to epirubicin by regulating autophagy via ATG12. Cancer Sci. 2018;109:3129--3138. 10.1111/cas.13743

Ambra1

:   Autophagy/Beclin 1 regulator 1

BAF1

:   Bafilomycin A1

LC3

:   Microtubule‐associated protein 1 light chain 3

LV‐*AMBRA1*

:   Lentiviral vector‐*AMBRA1*

LV‐*ATG12*

:   Lentiviral vector‐*ATG12*

p62

:   SQSTM1/p62

1. INTRODUCTION {#cas13743-sec-0001}
===============

Breast cancer is the most common malignancy and among the leading causes of cancer‐related mortality in women worldwide.[1](#cas13743-bib-0001){ref-type="ref"} Epirubicin (EPI), an anthracycline, is one of the most effective drugs for the treatment of breast cancer. Presently, regimens containing EPI are recommended as the first‐line adjuvant therapy for breast cancer.[2](#cas13743-bib-0002){ref-type="ref"} The sensitivity of breast cancer cells to EPI significantly influences the effectiveness of this treatment. However, the factors involved in the regulation of chemosensitivity are numerous and the mechanisms have not yet been fully elucidated.[3](#cas13743-bib-0003){ref-type="ref"}

Macroautophagy (herein referred to as autophagy) is an evolutionarily conserved protein degradation process in eukaryotic cells that helps the cell to overcome adverse conditions by recycling nutrients and energy.[4](#cas13743-bib-0004){ref-type="ref"}, [5](#cas13743-bib-0005){ref-type="ref"}, [6](#cas13743-bib-0006){ref-type="ref"} Recently, an increasing number of studies have linked autophagy to the treatment of a variety of cancers, including breast cancer.[7](#cas13743-bib-0007){ref-type="ref"}, [8](#cas13743-bib-0008){ref-type="ref"}, [9](#cas13743-bib-0009){ref-type="ref"} Nevertheless, the mechanisms by which autophagy participates in cancer treatment and modulates drug sensitivity have not been established. Autophagy/Beclin 1 regulator 1 (Ambra1) is a protein essential for autophagy induction.[10](#cas13743-bib-0010){ref-type="ref"}, [11](#cas13743-bib-0011){ref-type="ref"}, [12](#cas13743-bib-0012){ref-type="ref"} Meanwhile, it is also important for the execution of apoptosis.[13](#cas13743-bib-0013){ref-type="ref"}, [14](#cas13743-bib-0014){ref-type="ref"}, [15](#cas13743-bib-0015){ref-type="ref"} The levels of Ambra1 in cells are critical for determining the rate of apoptosis.[16](#cas13743-bib-0016){ref-type="ref"} Therefore, the level of Ambra1 may modify the sensitivity of breast cancer cells to EPI. So far, few studies have reported on the role of Ambra1 in breast cancer; in particular, there is a lack of evidence that Ambra1 is involved in the sensitivity of breast cancer cells to chemotherapy. Autophagy‐related protein 12 (ATG12) is an ubiquitin‐like protein that conjugates to ATG5 to form an ATG12‐ATG5 conjugate. The conjugate promotes the lipidation of ATG8 (LC3) and directs its correct subcellular localization, which is necessary for the elongation of phagophores and the maturation of autophagosomes.[17](#cas13743-bib-0017){ref-type="ref"}, [18](#cas13743-bib-0018){ref-type="ref"}, [19](#cas13743-bib-0019){ref-type="ref"}, [20](#cas13743-bib-0020){ref-type="ref"} Thus, ATG12 is an important protein in regulating autophagy. However, it is unclear whether there is an interaction between Ambra1 and ATG12.

In this study, MDA‐MB‐231, SK‐Br‐3 and MCF‐7 breast cancer cells were used as the cell model. It was found that the level of Ambra1 altered the sensitivity of breast cancer cells to EPI by regulating the occurrence of EPI‐induced autophagy. In addition, ATG12 was a downstream protein of Ambra1 in regulating EPI‐induced autophagy. Consequently, Ambra1 is an important factor in modulating the sensitivity of breast cancer cells to EPI.

2. MATERIALS AND METHODS {#cas13743-sec-0002}
========================

2.1. Cell culture {#cas13743-sec-0003}
-----------------

MCF‐7, MDA‐MB‐231 and SK‐Br‐3 cells were from the cell bank of the Chinese Academy of Sciences (Shanghai, China). MCF‐7 and SK‐Br‐3 cells were cultured in MEM media (Thermo Fisher, Waltham, MA, USA), and MDA‐MB‐231 cells were cultured in L15 media (Thermo Fisher), supplemented with 10% FBS (Thermo Fisher), 100 units/mL penicillin and 100 μg/mL streptomycin at 37°C in a humidified incubator with 5% CO~2~. Before the study, the cells were passaged for 6 generations. The identity of the cell lines was determined by short tandem repeat profiling.

2.2. Agents and antibodies {#cas13743-sec-0004}
--------------------------

Epirubicin was from Pfizer Pharmaceuticals (Dalian, China). Bafilomycin A1 (BAF1) was from Sigma‐Aldrich (Shanghai) Trading (Shanghai, China). The annexin V‐PE/7‐AAD Apoptosis Assay Kit was from Nanjing KeyGen Biotech (Nanjing, China). The caspase‐9 activity assay kit, the lactate dehydrogenase (LDH) cytotoxicity assay kit, and the Cell Counting Kit‐8 (CCK‐8) were from the Beyotime Institute of Biotechnology (Shanghai, China). Anti‐MAPLC3β (H50) and anti‐Ambra1 antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti‐GAPDH antibody was from MultiSciences (Lianke) Biotech (Shanghai, China). Anti‐p62, ATG12, and ATG5 were from Abcam (HongKong, China). Anti‐Beclin 1 was from CST (Danvers, MA, USA).

2.3. Cell viability and death assay {#cas13743-sec-0005}
-----------------------------------

For the cell viability and death assay, cells were seeded at 8 × 10^3^ cells per well in 96‐well flat‐bottomed plates and were allowed to attach overnight at 37°C. Afterward, medium containing the assay agents was added to each well, and cells were further cultured at 37°C for the indicated times. The number of viable cells was estimated by CCK‐8 assay. The absorbance was measured at 450 nm with a microplate reader. The number of dead cells was estimated by LDH cytotoxicity assay kit according to the manufacturer\'s instructions.

2.4. Apoptosis assay {#cas13743-sec-0006}
--------------------

For the apoptosis assay, cells were seeded at 5 × 10^5^ cells in 12.5 cm^2^ tissue culture flasks and were treated as described for the CCK‐8 assay for the indicated times. Afterward, cells were trypsinized at the indicated time and dyed with annexin V‐PE and 7‐AAD according to the manufacturer\'s instructions. Then, the apoptosis was detected with a flow cytometer.

2.5. Caspase‐9 activity assay {#cas13743-sec-0007}
-----------------------------

Cells were collected after treatment with the assay agents for the indicated time, and 30 μL of lysis buffer was added to the collected cells. The cells were resuspended in the lysis buffer and incubated on ice with light agitation for 30 minutes. Lysates were centrifuged at 1500 *g* for 5 minutes; 10 μL of supernatant was used to assay the protein concentration with Bradford reagent, and another 10 μL was used to assay caspase‐9 activity. The activity of caspase‐9 was assayed with Ac‐LEHD‐*p*NA as a substrate; the samples were incubated at 37°C for 2 hours, and the OD values were detected at 405 nm with a microplate reader.

2.6. Western blotting {#cas13743-sec-0008}
---------------------

For western blotting analyses, cells were seeded in 25‐cm^2^ tissue culture flasks and were allowed to reach approximately 80% confluency in fresh medium before treatment with the agents. After treatment, detached and attached cells were collected by centrifugation, and whole‐cell lysates were obtained using a lysis buffer (1 × PBS pH 7.6, 1% NP‐40, 0.1% sodium dodecyl sulfate and 0.5% sodium deoxycholate supplemented with inhibitor cocktails). Approximately 30‐50 μg of total protein from each group was electrophoretically separated on 12% or 15% SDS‐PAGE gels and electrotransferred to polyvinylidene fluoride membranes (PVDF membranes, Pierce, Rockford, USA). The PVDF membranes were blocked with 5% nonfat dry milk in Tris‐buffered saline‐Tween 20 (TBST, pH 7.6) for 1 hour at room temperature, incubated with the primary antibodies diluted in 5% nonfat dry milk in TBST with light agitation overnight at 4°, washed with TBST 3 times, and incubated with the secondary antibodies diluted in 5% nonfat dry milk in TBST with light agitation for 1 hour at room temperature; the proteins were then detected with electrochemiluminescence (Bio‐Rad, Hercules, CA, USA).

2.7. Lentiviral vector and shRNA construction and transfection {#cas13743-sec-0009}
--------------------------------------------------------------

A lentiviral vector‐*AMBRA1* transfected with full‐length human *AMBRA1* cDNA (LV‐*AMBRA1*), a lentiviral vector‐*ATG12* transfected with full‐length human *ATG12* cDNA (LV‐*ATG12*) and an empty vector (EV) were constructed by Genechem (Shanghai, China). Two specific‐target *AMBRA1* shRNA (2450 and 3388), a specific‐target *BECLIN 1* shRNA, a specific‐target *ATG12* shRNA and control scrambled plasmids were synthesized by GenePharma (Shanghai, China). The sequence of 2450 was GCT GGA ATC TTC CCT CAT TTC, the 3388 was GGA GAC ATG TCA GTA TCA ACT, sh‐*BECLIN 1* was CAG TTT GGC ACA ATC AAT A,[21](#cas13743-bib-0021){ref-type="ref"} and sh‐*ATG12* was GCA AAT CCT CTA TGC CTT CTT. ShRNA plasmids were transfected into cells by Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), the transfection was performed according to the instructions of the manufacturer.

2.8. Autophagy assay {#cas13743-sec-0010}
--------------------

Microtubule‐associated protein 1 light chain 3 (LC3) puncta was monitored by RFP‐GFP‐LC3 tandem fluorescent probe (Genechem). Autophagosomes have both RFP and GFP signals, whereas autolysosomes emit only an RFP signal because GFP is quenched in the acidic lysosomal environment.[22](#cas13743-bib-0022){ref-type="ref"} The protein levels of LC3 (LC3‐I/LC3‐II) and SQSTM1/p62 (p62) were detected by western blotting.

2.9. Real‐time quantitative PCR {#cas13743-sec-0011}
-------------------------------

RNA was extracted by using Trizol Reagent (Generay Biotech \[Shanghai\], Shanghai, China) as indicated by the supplier. CDNA synthesis was generated using a reverse transcription kit (Vazyme Biotech, Shanghai, China) according to the manufacturer\'s recommendations. CDNA from cell samples were amplified by quantitative RT‐PCR (qRT‐PCR) with specific primers for *AMBRA1* (upper: 5′‐TGGGGAGGTTAGGATTTGGGA‐3′, lower: 5′‐GAGCCGTAGGGTGGAAAGC‐3′), *ATG12* (upper: 5′‐GAGACACTCCCATAATGAA‐3′, lower: 5′‐GTAGGACCAGTTTACCATC‐3′), *ATG5* (upper: 5′‐ATGTGCTTCGAGATGTGTGG‐3′, lower: 5′‐TGGTTCTGCTTCCCTTTCAG‐3′) and *ACTIN* (upper: 5′‐TGACGTGGACATCCGCAAAG‐3′, lower: 5′‐CCAAGAAGGAAGGCTGGAAA‐3′) with the ChamQ SYBR Color qPCR Master Mix (Vazyme Biotech). The primers were synthesized by Shanghai Sunny Biotechnology (Shanghai, China). Data were normalized to *ACTIN* expression.

2.10. Mice xenograft models {#cas13743-sec-0012}
---------------------------

To generate murine subcutaneous tumors, 1 × 10^7^ MDA‐MB‐231 cells transfected with scramble or 2450 were injected subcutaneously to the right of the forelimb armpits in BALB/c nude mice (Shanghai SLAC Laboratory Animal, Shanghai, China). Upon the subcutaneous tumor size reaching a diameter of approximately 5 mm, the mice received i.p. injections of EPI (5 mg/kg). Tumor volumes were calculated using the following formula: length × width^2^ × ∏/6. All animal experiments conformed to the provisions of the Declaration of Helsinki (as revised in Fortaleza, Brazil, October 2013) and were approved by the Ethics Committee of the Second Affiliated Hospital of Guangxi Medical University.

2.11. Statistical analyses {#cas13743-sec-0013}
--------------------------

Statistical comparisons of the mean values were performed using ANOVA. *P *\<* *0.05 was considered statistically significant.

3. RESULTS {#cas13743-sec-0014}
==========

3.1. Knockdown of Ambra1 increases the sensitivity of breast cancer cells to epirubicin {#cas13743-sec-0015}
---------------------------------------------------------------------------------------

First, the expression of Ambra1 was examined by western blotting in MCF‐7, MDA‐MB‐231 and SK‐Br‐3 breast cancer cells (Figure [1](#cas13743-fig-0001){ref-type="fig"}A). To investigate the potential role of Ambra1 in EPI‐induced cell death in breast cancer cells, 2 target‐specific *AMBRA1* shRNA (2450 and 3388) were constructed to knock down Ambra1 and an irrelevant shRNA (scramble) as a control. qRT‐PCR and western blotting revealed that after transfection with 2450 or 3388 for 48 hours, Ambra1 decreased significantly in both mRNA and protein (Figure [1](#cas13743-fig-0001){ref-type="fig"}B,C, \**P *\<* *0.05). After knocking down of Ambra1, the cells were treated with 2.2 μmol/L EPI for another 24 hours. The knockdown of Ambra1 resulted in a dramatic decrease in the viability and an increase in mortality (Figure [1](#cas13743-fig-0001){ref-type="fig"}D, \**P *\<* *0.05). Along with the increase of cell death, caspase‐9 activity and apoptosis also increased obviously (Figure [1](#cas13743-fig-0001){ref-type="fig"}E, \**P *\<* *0.05). Therefore, knockdown of Ambra1 increases EPI‐induced cell death in breast cancer cells by activating caspase‐9 and spurring apoptosis.

![Knockdown of Ambra1 increased epirubicin (EPI)‐induced apoptosis. A, The basal expression of Ambra1 in MCF‐7, MDA‐MB‐231 and SK‐Br‐3 cells was detected by western blotting. B, Cells were incubated with scrambled shRNA or target‐specific *AMBRA1* shRNA (2450 or 3388) for 48 h, the protein of Ambra1 was examined by western blotting, and the mRNA was examined by quantitative RT‐PCR (C). The results (mean ± SE) are from 3 independent experiments (\**P *\<* *0.05). D, Cells were transfected with scrambled shRNA or 2450 or 3388 for 48 h, following treatment with 2.2 μmol/L EPI for another 24 h; then, cell viability and mortality were analyzed. At the same time, caspase‐9 activity and apoptosis were measured (E). The results (mean ± SE) are from 3 independent experiments (\**P *\<* *0.05)](CAS-109-3129-g001){#cas13743-fig-0001}

3.2. Overexpression of Ambra1 increases the resistance of breast cancer cells to epirubicin {#cas13743-sec-0016}
-------------------------------------------------------------------------------------------

To further characterize the role of Ambra1 in EPI‐induced cell death, a lentiviral vector‐*AMBRA1* transfected with full‐length human *AMBRA1* cDNA and an empty vector (EVam, as a control) were constructed to overexpress Ambra1 in MCF‐7, MDA‐MB‐231 and SK‐Br‐3 cells. After transfection with LV‐*AMBRA1* for 48 hours, the expression of Ambra1 was significantly increased in both mRNA and protein (Figure [2](#cas13743-fig-0002){ref-type="fig"}A,B, \**P *\<* *0.05). In addition, the overexpression of Ambra1 led to a significant increase in cell viability as well as decreases in cell death, caspase‐9 activity and apoptosis after EPI treatment (Figure [2](#cas13743-fig-0002){ref-type="fig"}C,D, \**P *\<* *0.05). Thus, overexpression of Ambra1 increases EPI‐resistance by inhibiting apoptosis in breast cancer cells. LC3 is currently the most widely used autophagosome marker.[22](#cas13743-bib-0022){ref-type="ref"} Overexpression of Ambra1 resulted in more LC3 puncta formations in MCF‐7, MDA‐MB‐231 and SK‐Br‐3 cells at basal level and after EPI treatment, and the increased LC3 puncta was more pronounced in the presence of BAF1, a potent V‐ATPase inhibitor that blocks the fusion of autophagosomes and lysosomes[22](#cas13743-bib-0022){ref-type="ref"} (Figure [2](#cas13743-fig-0002){ref-type="fig"}E, \**P *\<* *0.05).

![Overexpression of Ambra1 increased the resistance of breast cancer cells to epirubicin (EPI). A, MCF‐7, MDA‐MB‐231 and SK‐Br‐3 cells were transfected with LV‐*AMBRA1* or empty vector (EVam) for 48 h, and the protein of Ambra1 was tested by western blotting. Meanwhile, the mRNA of *AMBRA1* was analyzed by quantitative RT‐PCR (B). The results (mean ± SE) are from 3 independent experiments (\**P *\<* *0.05). C, Cells incubated with LV‐*AMBRA1* or EVam for 48 h, following treatment with 2.2 μmol/L EPI for 24 h; then, cell viability and mortality were analyzed. Moreover, caspase‐9 activity and apoptosis were assayed (D). The results (mean ± SE) are from 3 independent experiments (\**P *\<* *0.05). E, Cells expressing RFP‐GFP‐LC3 were incubated with LV‐*AMBRA1* or EVam for 48 h. After that, these cells were treated with 2.2 μmol/L EPI for 24 h in the presence or absence of Bafilomycin A1 (BAF1, 20 nmol/L). Autophagy was assessed with the LC3 puncta. The results (mean ± SE) are from 3 independent experiments (\**P *\<* *0.05). F, MDA‐MB‐231 cells were transfected with LV‐*AMBRA1* or EVam for 48 h and then incubated with scrambled shRNA or sh‐*BECLIN 1* for additional 48 h. Then, the protein of Beclin 1 was detected by western blotting. G, MDA‐MB‐231 cells expressing RFP‐GFP‐LC3 were incubated with LV‐*AMBRA1* or EVam for 48 h. Then, the cells were transfected with scrambled shRNA or sh‐*BECLIN 1* for 48 h, followed by treatment with 2.2 μmol/L EPI for another 24 h in the presence or absence of Bafilomycin A1 (BAF1, 20 nmol/L). After treatment, the fluorescence of RFP and GFP was observed with a fluorescence microscope (600×) and LC3 puncta were counted. The nucleus was stained with Hoechst. The results (mean ± SE) are from 3 independent experiments (\**P *\<* *0.05, \*\**P *\>* *0.05). In parallel, the proteins of Ambra1, LC3‐I/II and p62 were detected by western blotting (H). Then, (I) and (J), cell viability, cell death, caspase‐9 activity and apoptosis were analyzed. The results (mean ± SE) are from 3 independent experiments (\**P *\<* *0.05, \*\**P *\>* *0.05)](CAS-109-3129-g002){#cas13743-fig-0002}

To explore whether autophagy mediated the effects of Ambra1‐mediated resistance to the apoptotic response after treatment with EPI, we knocked down Beclin 1 by sh‐*BECLIN 1* in MDA‐MB‐231 cells and corresponding cells that highly expressed Ambra1 (Figure [2](#cas13743-fig-0002){ref-type="fig"}F). Beclin 1 is a critical autophagic regulator in mammalian cells.[23](#cas13743-bib-0023){ref-type="ref"} The knockdown of Beclin 1 not only inhibited the formation of LC3 puncta induced by EPI in MDA‐MB‐231 cells but also inhibited the formation of LC3 puncta in cells with high expression of Ambra1 (Figure [2](#cas13743-fig-0002){ref-type="fig"}G, \**P *\<* *0.05, \*\**P *\>* *0.05). In addition, silencing of Beclin 1 inhibited the conversion of LC3‐I into LC3‐II and the degradation of p62 by EPI treatment (Figure [2](#cas13743-fig-0002){ref-type="fig"}H). During autophagy, LC3‐I is converted to LC3‐II, which is used as an indicator of autophagy.[24](#cas13743-bib-0024){ref-type="ref"}, [25](#cas13743-bib-0025){ref-type="ref"} P62 forms protein aggregates that are degraded by autophagy and is another indicator of autophagy.[26](#cas13743-bib-0026){ref-type="ref"}, [27](#cas13743-bib-0027){ref-type="ref"} BAF1 was used to inhibit the lysosome‐dependent degradation of LC3 and p62 and block autophagy in late stages. At the same time, the inhibition of autophagy by Beclin 1‐knockdown and BAF1 also increased the sensitivity of cells overexpressing Ambra1 to EPI (Figure [2](#cas13743-fig-0002){ref-type="fig"}I,J, \**P *\<* *0.05, \*\**P *\>* *0.05). Therefore, autophagy is required for Ambra1‐mediated EPI‐resistance.

3.3. Ambra1 regulates epirubicin‐induced autophagy in breast cancer cells {#cas13743-sec-0017}
-------------------------------------------------------------------------

As a key factor in autophagy, we explored whether Ambra1 was also involved in EPI‐induced autophagy in breast cancer cells. To do this, we used 2450 or 3388 to knock down Ambra1 in MDA‐MB‐231 cells (Figure [3](#cas13743-fig-0003){ref-type="fig"}A). After 48 hours of transfection with either 2450 or 3388, the cells were treated with EPI for additional 24 hours. The knockdown of Ambra1 inhibited the conversion of LC3‐I into LC3‐II and p62 degradation caused by EPI (Figure [3](#cas13743-fig-0003){ref-type="fig"}B). In parallel, the increase of LC3 puncta caused by EPI treatment was also suppressed by 2450 or 3388 (Figure [3](#cas13743-fig-0003){ref-type="fig"}C, \**P *\<* *0.05). BAF1 was used to inhibit the degradation of LC3 and p62 and to analyze autophagic flux. Hence, EPI‐induced autophagy is Ambra1‐dependent in breast cancer cells; that is, Ambra1 regulates EPI‐induced autophagy.

![Ambra1 regulated epirubicin (EPI)‐induced autophagy in breast cancer cells. A, MDA‐MB‐231 cells were incubated with scrambled shRNA or target‐specific *AMBRA1* shRNA (2450 or 3388) for 48 h. The protein of Ambra1 was detected by western blotting. B, MDA‐MB‐231 cells were incubated with scrambled shRNA or 2450 or 3388 for 48 h, followed by treatment with EPI for another 24 h in the presence or absence of Bafilomycin A1 (BAF1, 20 nmol/L); then, the protein of LC3‐I/II and p62 was detected by western blotting. C, MDA‐MB‐231 cells expressing RFP‐GFP‐LC3 were incubated with scrambled shRNA or 2450 or 3388 for 48 h. Then, the cells were treated with EPI for another 24 h in the presence or absence of Bafilomycin A1 (BAF1, 20 nmol/L). Autophagy was assessed with the LC3 puncta. The results (mean ± SE) are from 3 independent experiments (\**P *\<* *0.05)](CAS-109-3129-g003){#cas13743-fig-0003}

3.4. ATG12 is a downstream protein of Ambra1 in epirubicin‐induced autophagy {#cas13743-sec-0018}
----------------------------------------------------------------------------

To explore the underlying mechanism of Ambra1 in the regulation of EPI‐induced autophagy in breast cancer cells, we analyzed the expression of ATG12 in response to Ambra1 knockdown. ATG12 is an ubiquitin‐like protein involved in the formation of autophagic vesicles, which is crucial for autophagy.[17](#cas13743-bib-0017){ref-type="ref"}, [18](#cas13743-bib-0018){ref-type="ref"}, [19](#cas13743-bib-0019){ref-type="ref"}, [20](#cas13743-bib-0020){ref-type="ref"} Ambra1 was knocked down by 2450 in MDA‐MB‐231 cells (Figure [4](#cas13743-fig-0004){ref-type="fig"}A). Interestingly, 2450 also caused a decrease in ATG12 protein and mRNA (Figure [4](#cas13743-fig-0004){ref-type="fig"}A, \**P *\<* *0.05, upper histogram). Correspondingly, the overexpression of Ambra1 by LV‐*AMBRA1* increased the expression of ATG12 protein and mRNA (Figure [S1](#cas13743-sup-0001){ref-type="supplementary-material"}, \**P *\<* *0.05). To further confirm the relationship between ATG12 and Ambra1, we constructed a lentiviral vector‐*ATG12* (LV‐ATG12) transfected with full‐length human *ATG12* cDNA to overexpress ATG12, and an empty vector (EVat) served as a control. LV‐*ATG12* caused ATG12 overexpression in MDA‐MB‐231 cells, but it did not affect the expression of Ambra1 (Figure [4](#cas13743-fig-0004){ref-type="fig"}B, \**P *\<* *0.05, \*\**P *\>* *0.05). Therefore, Ambra1 positively regulates the expression of ATG12. Because ATG12 is closely related to ATG5, we also detected the expression of ATG5 and ATG12‐ATG5. Similar to ATG12, the knockdown of Ambra1 also resulted in decreased expression of ATG12‐ATG5 (Figure [4](#cas13743-fig-0004){ref-type="fig"}A). However, there were no significant changes in ATG5 protein and mRNA (Figure [4](#cas13743-fig-0004){ref-type="fig"}A, \*\**P *\>* *0.05, lower histogram). It was worth noting that the downregulation of Beclin1 did not affect the expressions of ATG12 and ATG5 (Figure [4](#cas13743-fig-0004){ref-type="fig"}A, \*\**P *\>* *0.05, upper and lower histograms). Thus, ATG12 is a target protein of Ambra1 in breast cancer cells.

![ATG12 was a downstream protein of Ambra1 in epirubicin (EPI)‐induced autophagy. A, MDA‐MB‐231 cells were incubated with scrambled shRNA or sh‐*BECLIN 1* or 2450 for 48 h. The protein of Ambra1, ATG12, ATG12‐ATG5 and ATG5 was detected by western blotting. At the same time, the mRNA of ATG12 and ATG5 were examined by quantitative RT‐PCR (qRT‐PCR). The results (mean ± SE) are from 3 independent experiments (\**P *\<* *0.05, \*\**P *\>* *0.05). B, MDA‐MB‐231 cells were transfected with LV‐*ATG12* or empty vector (EVat) for 48 h. The proteins and mRNA of ATG12 and Ambra1 were detected by western blotting and qRT‐PCR, respectively. The results (mean ± SE) are from 3 independent experiments (\**P *\<* *0.05, \*\**P *\>* *0.05). C, MDA‐MB‐231 cells expressing RFP‐GFP‐LC3 were incubated with LV‐*ATG12* or empty vector (EVat) for 48 h. After that, the cells were treated with EPI for another 24 h in the presence or absence of Bafilomycin A1 (BAF1, 20 nmol/L); then, autophagy was assessed with the LC3 puncta. The results (mean ± SE) are from 3 independent experiments (\**P *\<* *0.05). D, MDA‐MB‐231 cells were transfected with scramble shRNA or 2450 for 48 h, and then incubated with LV‐*ATG12* or empty vector (EVat) for another 48 h. Subsequently, the cells were treated with EPI for 24 h. After treatment, the proteins of ATG12, LC3‐I/II and p62 were detected by western blotting (D). In parallel, autophagy was assessed with LC3 puncta in MDA‐MB‐231 cells that expressed RFP‐GFP‐LC3 (E). The results (mean ± SE) are from 3 independent experiments (\**P *\<* *0.05, \*\**P *\>* *0.05). Moreover, (F) and (G), cell viability, cell death, caspase‐9 activity and apoptosis were measured, respectively. The results (mean ± SE) are from 3 independent experiments (\**P *\<* *0.05, \*\**P *\>* *0.05)](CAS-109-3129-g004){#cas13743-fig-0004}

In addition, overexpression of ATG12 also resulted in more LC3 puncta formations (Figure [4](#cas13743-fig-0004){ref-type="fig"}C, \**P *\<* *0.05), and more LC3‐I conversion into LC3‐II and p62 degradation regardless of EPI treatment (Figure [4](#cas13743-fig-0004){ref-type="fig"}D). Therefore, ATG12 is also a proautophagic protein in breast cancer cells. Meanwhile, overexpression of ATG12 dramatically increased the cell viability of EPI treatment and decreased cell death, caspase‐9 activity and apoptosis (Figure [4](#cas13743-fig-0004){ref-type="fig"}F,G, \**P *\<* *0.05). This suggests that ATG12 plays an important role in regulating EPI sensitivity.

Next, to affirm the role of ATG12 in Ambra1‐mediated autophagy, we knocked down ATG12 by sh‐*ATG12* in MDA‐MB‐231 cells and corresponding cells with high expression of Ambra1 (Figure [S2](#cas13743-sup-0002){ref-type="supplementary-material"}A). Even if Ambra1 was overexpressed, the knockdown of ATG12 reduced the number of LC3 puncta (Figure [S2](#cas13743-sup-0002){ref-type="supplementary-material"}B, \**P *\<* *0.05, \*\**P *\>* *0.05). Thus, ATG12 is a key protein of Ambra1‐mediated autophagy. Subsequently, we simultaneously knocked down Ambra1 and re‐expressed ATG12 in MDA‐MB‐231 cells. Unfortunately, the re‐expression of ATG12 did not restore EPI‐induced autophagy inhibited by Ambra1 knockdown (Figure [4](#cas13743-fig-0004){ref-type="fig"}D,E, \*\**P *\>* *0.05); moreover, the re‐expression of ATG12 did not disturb the increased sensitivity of cells to EPI induced by Ambra1 knockdown (Figure [4](#cas13743-fig-0004){ref-type="fig"}F,G, \*\**P *\>* *0.05). The autophagy was detected by LC3‐I conversion into LC3‐II, p62 degradation and LC3 puncta. Therefore, ATG12 is a downstream protein of the Ambra1‐mediated autophagy pathway and is an important protein for Ambra1 to modulate EPI sensitivity.

3.5. Knockdown of Ambra1 enhances epirubicin sensitivity in vivo {#cas13743-sec-0019}
----------------------------------------------------------------

To confirm whether downregulation of Ambra1 also increased the sensitivity of breast cancer cells to EPI in vivo, we inoculated BALB/c nude mice with MDA‐MB‐231 cells that had previously been transfected with 2450 and scramble shRNA. The expression of Ambra1 was inhibited by 2450 (Figure [5](#cas13743-fig-0005){ref-type="fig"}A,B, \**P *\<* *0.05, \*\**P *\>* *0.05). On days 24, 29, 36 and 43 after inoculation of the cells, 5 mg/kg EPI was intraperitoneally administered to the mice. After EPI treatment, the growth of 2450‐transfected tumors was significantly inhibited compared to scramble shRNA transfected tumors (Figure [5](#cas13743-fig-0005){ref-type="fig"}C, \**P *\<* *0.05). Therefore, Ambra1 is important in modulating EPI sensitivity in breast cancer cells in vivo.

![Downregulation of Ambra1 increased sensitivity of breast cancer to epirubicin (EPI) in vivo. A, MDA‐MB‐231 cells were transfected with scrambled shRNA or 2450 for 48 h, and then the protein of Ambra1 was detected by western blotting. At the same time, the mRNA of *AMBRA1* was tested by quantitative RT‐PCR (B). The results (mean ± SE) are from 3 independent experiments (\**P *\<* *0.05, \*\**P *\>* *0.05). C, After knocking down of Ambra1, MDA‐MB‐231 cells we inoculated BALB/c nude mice. Then, the mice were treated with 5 mg/kg EPI for indicated time, and the volume and weight of the tumor were measured (\**P *\<* *0.05)](CAS-109-3129-g005){#cas13743-fig-0005}

4. DISCUSSION {#cas13743-sec-0020}
=============

Based on the results in vitro and in vivo, we propose that Ambra1 plays an important role in modulating the sensitivity of breast cancer cells to EPI. Furthermore, ATG12 is a downstream protein of Ambra1 in the regulation of EPI‐induced autophagy.

Ambra1 is a key protein in the crosstalk between autophagy and apoptosis. Its expression may determine the fate of cells.[13](#cas13743-bib-0013){ref-type="ref"}, [14](#cas13743-bib-0014){ref-type="ref"}, [15](#cas13743-bib-0015){ref-type="ref"}, [16](#cas13743-bib-0016){ref-type="ref"} Studies on several cell lines have shown that high expression of Ambra1 is beneficial for cell survival.[10](#cas13743-bib-0010){ref-type="ref"}, [14](#cas13743-bib-0014){ref-type="ref"}, [16](#cas13743-bib-0016){ref-type="ref"}, [28](#cas13743-bib-0028){ref-type="ref"} In this study, we found that downregulation of Ambra1 resulted in an increase in EPI‐induced apoptosis in breast cancer cells; in contrast, overexpression of Ambra1 led to the resistance of breast cancer cells to EPI‐induced apoptosis. Therefore, the expression of Ambra1 determines the apoptosis rate of breast cancer cells treated with EPI. In fact, overexpression of Ambra1 resulted in more LC3 puncta formations, while blocking autophagy by sh‐*BECLIN 1* or BAF1 increased the sensitivity of cells overexpressing Ambra1 to EPI. Therefore, autophagy is involved in Ambra1‐mediated EPI‐resistance in breast cancer cells. Recently, autophagy is widely concerned because of its close relationship with tumorigenesis and cancer treatment.[7](#cas13743-bib-0007){ref-type="ref"}, [8](#cas13743-bib-0008){ref-type="ref"}, [9](#cas13743-bib-0009){ref-type="ref"} Our previous study has found that EPI can induce autophagy in MCF‐7 breast cancer cells, which protects the cells from apoptosis.[29](#cas13743-bib-0029){ref-type="ref"} Guo et al[30](#cas13743-bib-0030){ref-type="ref"} subsequently obtained similar results in MDA‐MB‐231 and SK‐BR‐3 cells. However, Garbar et al[31](#cas13743-bib-0031){ref-type="ref"} report that multiple chemotherapy drugs, including EPI, induced an increase of autophagy in MCF‐7 cells, but not in MDA‐MB‐231 cells. Indeed, we confirmed that EPI could induce an increase of autophagy in MDA‐MB‐231 cells by detecting the conversion of LC3‐I into LC3‐II, p62 degradation and LC3 puncta formations. The same was true in MCF‐7 and SK‐Br‐3 cells. This is consistent with our previous findings and those of Guo et al. Although a great deal of studies have been published on the relationship between autophagy and cancer therapy, the mechanism by which autophagy participates in the treatment of cancer has not yet been fully established.[7](#cas13743-bib-0007){ref-type="ref"}, [8](#cas13743-bib-0008){ref-type="ref"}, [9](#cas13743-bib-0009){ref-type="ref"} Here, we found that knockdown of Ambra1 blocked EPI‐induced autophagy and increased the sensitivity of breast cancer cells to EPI. Therefore, Ambra1 is a key protein that autophagy regulates the sensitivity of breast cancer cells to EPI.

Interestingly, we found that Ambra1 positively regulated the expression of ATG12, but not ATG5. ATG12 is a key protein in the elongation and maturation of autophagic vesicles.[17](#cas13743-bib-0017){ref-type="ref"}, [18](#cas13743-bib-0018){ref-type="ref"}, [19](#cas13743-bib-0019){ref-type="ref"}, [20](#cas13743-bib-0020){ref-type="ref"} In fact, overexpression of ATG12 increased EPI‐induced autophagy and EPI resistance. This suggests that ATG12 is also a proautophagic protein in breast cancer cells and is involved in the regulation of EPI sensitivity. In contrast, knockdown of ATG12 inhibited EPI‐induced autophagy of the cells overexpressing Ambra1. Thus, ATG12 plays an important role in Ambra1‐mediated autophagy. However, in the presence of ATG12 overexpression, knockdown of Ambra1 inhibited EPI‐induced autophagy and increased cell sensitivity to EPI. This indicates that ATG12 is a downstream protein of Ambra1 during EPI‐induced autophagy, and it is an important protein through which Ambra1 regulates the sensitivity of breast cancer cells to EPI.

In summary, Ambra1 is an important protein that determines whether EPI‐treated breast cancer cells undergo apoptosis or autophagy. Its level modulates the sensitivity of breast cancer cells to EPI. In addition, ATG12 is a downstream protein of Ambra1 during EPI‐induced autophagy and plays an important role in regulating EPI sensitivity.

We conclude that Ambra1 regulates EPI‐induced autophagy in breast cancer cells by targeting ATG12, thereby modulating EPI sensitivity. This finding also indicates that Ambra1 might be a potential target for breast cancer treatment.
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